Reactivity to CO2 of chars prepared in O2/N2 and O2/CO2 mixtures for pulverized coal injection (PCI) in blast furnace in relation to char petrographic characteristics by Pohlmann, Juliana Gonçalves et al.
International Journal of Coal Geology 84 (2010) 293–300
Contents lists available at ScienceDirect
International Journal of Coal Geology
j ourna l homepage: www.e lsev ie r.com/ locate / i j coa lgeoReactivity to CO2 of chars prepared in O2/N2 and O2/CO2 mixtures for pulverized coal
injection (PCI) in blast furnace in relation to char petrographic characteristics
Juliana G. Pohlmann a,⁎, Eduardo Osorio a, Antonio C.F. Vilela a, Angeles G. Borrego b
a Iron and Steelmaking Laboratory, UFRGS, P.O. Box 15021, 91501-970, Porto Alegre, Brazil
b Instituto Nacional del Carbón, CSIC, P.O. Box 73, 33080, Oviedo, Spain⁎ Corresponding author. Federal University of Ri
Steelmaking Laboratory–DEMET/PPGEM, Bento Go
Box 15021, 91501-970 Porto Alegre, RS, Brazil. Tel.:
5133087116.
E-mail addresses: juliana.pohlmann@ufrgs.br (J.G. Po
(E. Osorio), vilela@ufrgs.br (A.C.F. Vilela), angeles@incar
0166-5162 © 2010 Elsevier B.V.
doi:10.1016/j.coal.2010.10.008
Open access under the Elsa b s t r a c ta r t i c l e i n f oArticle history:
Received 26 February 2010
Received in revised form 16 October 2010
Accepted 18 October 2010
Available online 29 October 2010
Keywords:
Blast furnace
Coal char
Optical texture
Speciﬁc surface
Combustion
Oxy-fuel
ReactivityPulverized coal injection (PCI) is employed in blast furnace tuyeres in order to increase the injection rate
without increasing the amount of unburned char inside the stack. When coal is injected with air in the region
of tuyeres, the resolidiﬁed char will burn in an atmosphere with progressively lower oxygen content and
higher CO2 concentration. In this study, an experimental approach comprising reﬁring has been followed to
separate the combustion process into two distinct devolatilization and combustion steps. A drop tube furnace
(DTF) operating at 1300 °C in an atmosphere with low oxygen concentration was used to simulate
devolatilization and then the char was reﬁred into DTF at the same temperature under two different
atmospheres O2/N2 (typical combustion) and O2/CO2 (oxy-combustion) with the same oxygen concentration.
Coal injection was also performed under a higher oxygen concentration in both typical combustion and oxy-
combustion atmospheres. The fuels tested comprised a petroleum coke and coals ranging in rank from high to
low volatile bituminous, currently used for PCI injection. Speciﬁc surface areas, reactivity to CO2 and char
petrography have been used to chars characterization. The morphology and appearance of the chars
generated under oxy-fuel (O2/CO2) and conventional combustion (O2/N2) conditions with similar amount of
oxygen were similar for each parent coal. Vitrinite-rich particles generated cenospheres with anisotropic
optical texture increasing in size with increasing coal rank, whereas inertinite yielded a variety of
morphologies and optical textures. The apparent reactivity to CO2 measured at high temperature (1000 °C)
tended to increase with burnout reﬂecting the operation under a regime controlled by internal diffusion in
which surface area also increased. This may have a signiﬁcant effect in the reactivity to CO2 of the chars inside
the stack of the blast furnace, even under oxygen lean atmosphere.o Grande do Sul, Iron and
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Pulverized coal injection (PCI) is used in blast furnace tuyeres in
order to reduce the amount of coke required to provide energy and
reducing gases for blast furnace operation. In high rates of PCI, due to
extremely short residence time available for char combustion in blast
furnace, unburned char will be carried from combustion zone to the
stack and will compete with coke for CO2 (Kawakami and Yamaguchi,
2000). Excessive amount of unburned material leads to problems in
the furnace permeability, decreasing productivity (Babich et al.,
2008). Nevertheless, the high rate of PCI is desirable to reduce coke
utilization and pig iron costs (Deno and Okuno, 2000). Then, an
increase in the injection rate must be related to higher combustionefﬁciency, avoiding increase unburned char too. Coal ranging from
high to low rank, different injection lances designs, different blast
conditions (ﬂame temperature and stoichiometry oxygen ratio) and
injection of other fuels have been studied in a way to improve
combustion conditions (Ariyama, 2000; Gill et al., 2008; Yamaguchi
et al., 1992).
There is international concern about substantial decrease in
greenhouse gases emissions to the atmosphere. Increasing combus-
tion efﬁciency and consumption of unburned char via reaction with
carbon dioxide in the blast furnace stack become important since it
could lead to a decrease in fuel rate, increasing blast furnace
productivity and releasing less CO2 to atmosphere. This way, the
optimization of PCI has also been turned to the decrease in
environmental impact caused by ironmaking industries.
The conditions prevailing in the tuyeres of blast furnace are very
difﬁcult to reproduce at laboratory scale and different devices have
been used to achieve high temperatures, high heating rate, some
pressure and short residence time such as horizontal ovens (Vamvuka
et al., 1996), a shock wave reactor (Gudenau et al., 2002), a wire mesh
reactor (Pipatmanomai et al., 2003) and drop tube furnaces (Borrego
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satisfactorily reproduce the conditions prevailing at industrial scale
but reasonably approach to some of the variables to which particles
are submitted. In the case of the atmospheric drop tube furnace that
was used in this study the temperature is lower and the residence
time larger than that expected in the tuyeres but still particles are
submitted to fast devolatilization, followed by the combustion of the
re-solidiﬁed char under dynamic conditions. The experimental
approach followed consisting on direct combustion and oxy-combus-
tion of coal, followed by re-ﬁring experiments under both combustion
and oxy-combustion atmospheres to approach to the environment of
the coal particles in the blast furnace has been followed in a previous
study (Borrego et al., 2008). This work complements the previous one
with further petrographic information and data on speciﬁc surface
area and high temperature reactivity to CO2, which allows an in-depth
discussion on the evolution of char reactivity, both apparent and
intrinsic, during combustion. This approach could be also useful if
technologies of CO2 capture are to be implemented in steel industry
(Hu et al., 2006). The high CO2 partial pressure in blast furnace gases
makes technologies such as separating membranes or amine
scrubbing appropriated for CO2 separation (Ariyama et al., 2009),
but other options such as oxy-fuel PCI injection may also be possible.
In the latter, coal would be injected in the tuyeres with a mixture of
oxygen and recycled CO2, thus avoiding N2 andminimizing the step of
concentrating CO2 in the ﬂue gases.
2. Experimental
The selected fuels are typical PCI coals that are used worldwide
and a low sulfur (0.9%) petroleum coke (PC) from Brazil. The coals are
in increasing rank order: Guasare (GU) from Venezuela, and Black
Water (BW) and Jellinbah (JB) from Australia. The samples were
ground and sieved to 36–75 μm, which are within the largest range of
pulverized particle and therefore comprise the harder to burn fraction
of each coal. Proximate, ultimate and petrographic analyses were
performed according to the appropriate ISO standards. The ISO
standards were followed to perform proximate (ISO 17246:2010),
ultimate (ISO 17247, 2005) and petrographic analyses both vitrinite
reﬂectance (ISO 7404-5:2009) and maceral composition (ISO 7404-
3:2009) of the parent coals.
Coal chars were prepared at 1300 °C temperature in a drop tube
furnace as described elsewhere (Borrego and Alvarez, 2007). The ﬂow
rate was 900 l h−1 for the body of the reactor and 300 l h−1 for the
feeder, which entrained the particles at a rate of 1 g min−1 through a
water-cooled injection probe placed on at the top. The estimated
residence time of the particles in the reactor was around 200 ms and
the chars left the reactor through a collection probe, to which an extra
nitrogen ﬂow was added to quench the reaction and improve
collection efﬁciency in the cyclone. The desired gas composition was
achieved with blends of air and N2 for the O2/N2 series and blends of
O2 and CO2 for the O2/CO2 series. The gas compositions and sequence
of experiments used in this study are summarized in Fig. 1. The
rationale for this approach was described in detail by Borrego et al.Fig. 1. Scheme of the experimental approach followed for char preparation in this study.(2008) and will be only brieﬂy outlined below. The injection of coal in
a low oxygen atmosphere (2.5% O2 in N2) produces devolatilization
without signiﬁcant combustion similar to the conditions in the
injection lance. Injection of coal in 10% O2 accompanied by either N2
or CO2 guarantees burnouts in the range of 60%–90% (Borrego et al.,
2008) under both conventional combustion and oxy-combustion
atmospheres. The 2.5% O2 chars were again fed into the reactor using
5% O2 in both N2 and CO2 to obtain a result for char combustion at high
temperature after the emission of volatiles has ceased. An atmosphere
rich in CO2 was selected to represent the enrichment in CO2 occurring
higher up the blast furnace. The chars obtained under O2/CO2
atmospheres will be referred to as oxy-chars as opposed to the term
“char,” which will be restricted to chars obtained under O2/N2
atmospheres. Coal GU could not be used in all the experiments
because of the lack of samples.
Burnout was calculated using the following ash tracer expression
(Carpenter and Skorupska, 1993):
Burnout %ð Þ = 1− Ashcoal:
100−Ashcoal:
 
100−Ashchar−comb:
Ashchar−comb:
  
× 100
assuming that ashes did not suffer any further transformation in the
reactor than that undergone during the ISO ashing test (ISO
17246:2010).
The char samples were embedded in polyester resinmixing a small
amount of resin with char particles and extending a thin bed on a
mould of 0.5×0.5 cm. Once the mixture is hard the sample is re-
embedded in resin to facilitate polishing. Thick abrasive papers are
avoided during polishing to minimize the damage of the fragile char
walls. Samples were examined under incident polarized light using 1
lambda retarder plate.
Two widely used methods of determining the pore surface area of
carbon from gas adsorption isotherms were applied in this study to
selected char samples, using CO2 at 0 °C and N2 at −196 °C as
adsorptives. The equipment used was a Micromeritics ASAP 2020.
Chars were outgassed under vacuum prior to gas adsorption
experiments in order to eliminate moisture or condensed volatiles,
which could prevent the adsorbate accessibility. The heating rate used
was 5 °C min−1 with holding temperatures of 90 °C (1 h) and 350 °C
(4 h). This temperature is well below the char preparation temper-
ature and is not expected to modify the structure of the char. The
Brunauer–Emmett–Teller (BET) theory was applied to the N2
adsorption data to obtain the surface area (Brunauer, Emmett and
Teller, 1938). CO2 adsorption isotherms were performed in one
sample of each series up to a pressure of 0.035 torr, and the Dubinin–
Radushkevich (D–R) equation was applied to the adsorption data
(Dubinin and Radushkevich, 1947). These two methods can be
regarded as complementary, given the difﬁculties of CO2 to ﬁll large
micropores and the slow diffusion of N2 in the small micropores
(Jagiello and Thommes, 2004). Only one sample of each series was
analyzed for CO2 adsorption because previous studies have shown
negligible variation of CO2 surface area along combustion in medium
rank coals (Alvarez and Borrego, 2007; Borrego and Alvarez, 2007). As
some of the samples contained large amounts of mineral matter and
the adsorption capacity of chars is essentially associated to the organic
fraction (Maroto-Valer et al., 2001), the surface area data are
expressed on an ash-free-basis. Although this is only a rough
approach it allows us to compare the surface area of chars at different
burnouts as the BET surface area of mineral fraction of ﬂy-ashes vary
within a narrow interval and is very low (0.7–0.8 m2g−1 according to
Külaots et al., 2004). Therefore the actual surface area of the organic
fraction could be expected to be around 1–2 % lower than the reported
values, which still permits to establish differences between the
various chars of this study. Unfortunately, independent determination
of ash surface area was not possible due to the large amount of
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material is very low.
The reactivity of chars to CO2 at high temperature has been used to
resemble the conditions that char particles are seeing once they leave
the injection zone and ascend in the blast furnace. In this region char
particles compete with coke and therefore a similar test to that for
assessing coke reactivity (Patrick et al., 1980) has been used. The
reactivity of the chars to CO2 was evaluated by thermogravimetric
analysis in a STA 409 PC Luxx apparatus. A small quantity of char
(8 mg) was homogeneously spread on the bottom of the crucible and
heated up to 1000 °C under nitrogen ﬂow (60 ml min−1) at a heating
rate of 30 °C mim−1. Immediately the reactant gas was changed to
CO2 at the same ﬂow rate and the temperature was maintained until
weight stabilization. The weights were corrected for buoyancy effects.
Conversion (X) and apparent reactivity at 50% of conversion (R50%) on
an ash-free basis were calculated using the following expressions:
X =
m0−m
m0
 
× 100 R50% =
1
m0
dm
dt
 
50%
with m0 being the initial sample weight ash-free and m being the
instantaneous sample weight. The reactivities so obtained will be
compared to those isothermally recorded in air at 550 °C under
similar ﬂow gas conditions and reported previously (Borrego et al.,
2008). An estimate of the intrinsic reactivity of the carbonaceous
material, once the effect of surface area has been discounted, can be
obtained dividing the apparent reactivity by the surface area.
3. Results and discussion
3.1. Coal characteristics
The coals in Table 1 have ash contents below 10% as typically
speciﬁed for coals to be used in PCI and relatively low sulfur content
(b1.1%). The volatile matter content, vitrinite reﬂectance and
chemical analyses (C, H, and O contents) vary as expected for the
rank of the coals ranging from high volatile bituminous (ASTM D388-
05) or Medium Rank C (ISO 11760: 2005) in the case of coal GU to low
volatile bituminous or Medium Rank A in the case of coal JB. The three
coals have moderate inertinite content in the range 20–35 vol.% and
low liptinite content. The petroleum coke (PC) has volatile matter
content around 12%, which is within the interval corresponding to
semi-anthracite volatile matter content (8–14% volatile matter)
according with ASTM D0388 (2005). PC has a very low ash and
sulphur contents, the latter unusual in petroleum coke which makes
this particular coke especially attractive for pulverized coal injection.
3.2. Oxy-combustion versus conventional combustion
The burnout of the various coals was closely related to their rank
and decreased from GU to JB (Borrego et al., 2008) (Fig. 1). This is an
expected result commonly reported in the literature (Alvarez et al.,
1998; Bend et al., 1992; Cloke et al., 1997). The increments observedTable 1
Proximate, ultimate and petrographic analyses of the individual fuels*.
Sample Ash St VM C H N O Rr V L I
% db % daf % % vol. mmf
GU 6.9 1.1 42.5 82.2 5.1 1.7 9.9 0.63 77.2 2.4 20.4
BW 9.5 0.6 29.3 83.4 4.3 2.0 10.6 1.02 61.8 2.8 35.4
JB 9.8 0.6 17.6 87.2 3.8 1.9 5.6 1.56 69.3 - 30.7
PC 0.1 0.9 11.7 91.3 3.9 1.2 2.7
St=total sulphur; VM=volatile matter; Rr=random vitrinite reﬂectance; V=vitrinite;
L=liptinite; I=inertinite; db=dry basis; daf=dry-ash-free basis; vol=volume;
mmf=mineral matter-free.between combustion taking place under highly sub-stoichiometric
conditions (2.5%O2 in N2) and under slightly over-stoichiometric (10%
oxygen in one step or reﬁred chars to 5%O2) conditions were also rank
dependant (Borrego et al., 2008). The smallest increment (around
47%) occurred for coal GU, it was intermediate for coal BW (57%), and
the largest for the highest rank coal JB (75%). This gives an indication
of the reactivity of the coals. The burnouts of the chars prepared with
either 10% O2 in one step or 5%O2 after reﬁring were similar regardless
the accompanying gas (CO2 or N2). Contradictory results have been
achieved in recent studies when combustibility of coals under
conventional combustion (O2/N2) and oxy-combustion conditions
(O2/CO2) have been compared (Buhre et al., 2005). Some studies
report lower burnouts in oxy-combustion atmosphere that have been
attributed to the lower speciﬁc heat of CO2 (Liu et al., 2005), which
also lowers the particle peak temperature (Bejarano and Levendis,
2008; Schiemann et al., 2009). Some others have reported similar or
even higher burnouts under oxy-fuel atmosphere (Borrego et al.,
2008; Borrego and Martín, 2010; Rathnam et al., 2009), which can be
attributed to the reaction of char to CO2 at high temperatures. In
addition, the burnouts of the chars prepared with 2.5% O2 and reﬁred
at an O2 concentration of 5% in both N2 and CO2 were similar to their
counterparts obtained directly from coal at an O2 concentration of
10%. This gave us the opportunity to compare the performance of coals
in one step and two step combustion (ﬁrst devolatilization and then
consumption of the char).
3.3. Char petrography
The appearance of the chars under the incident light optical
microscope is described below. The high volatile bituminous (hvb)
coal GU yielded material having mostly isotropic appearance under
relatively low magniﬁcation (Fig. 2b), but examination of the
vitrinite-derived char walls at high magniﬁcation revealed incipient
anisotropy development (Fig. 2a). The vitrinite-derived particles had
cenospheric shape with relatively thick walls with smaller bubbles
within the walls as typically expected for a high volatile bituminous
coal (Alonso et al., 2001). Extensively burned chars (85% burnout) had
similar optical texture and even thicker walls, although many
particles were fragmented. The medium volatile bituminous (mvb)
coal BW yielded mainly anisotropic char material. Vitrinite generated
hollow particles with a small mosaic-optical texture (Fig. 2c), whereas
inertinite generated either massive unfused isotropic particles or
anisotropic particles with a network structure (Fig. 2d). The optical
texture of vitrinite-derived particles in the chars from the low volatile
bituminous (lvb) coal JB was larger (Fig. 2e), indicating an improved
ordering compared to the vitrinite of coal BW (Fig. 2c) and the
occurrence of a plastic stage during devolatilization when aromatic
units had the time to grow and stack. The inertinite-derived material
in JB char exhibited heterogeneous structure and optical texture
(Fig. 2f) as in the case of coal char BW. The petroleum coke yielded
two types of particles, one of which yielded massive particles, with
large size optical texture typical of petroleum coke (Fig. 3a, b and d).
These particles typically exhibited ﬁssures surrounding the aniso-
tropic domains through which volatiles had evolved and through
which combustion can proceed. The other type of particles had
developed abundant porosity and either well-formed network (Fig. 3a
and c) and in some cases balloon-like structures (Milenkova et al.,
2003). The chars from high burnout runs had very few completely
intact particles but abundant fragments derived from the collapse of
the particles.
3.4. Speciﬁc surface area
A previous study of char textural properties showed that the
presence of variable amount of oxygen in the combustion atmosphere
hardly affected themicropore surface area (SCO2), which is mainly due
Fig. 2. Appearance of the coal chars from the hvb coal GU (a) and (b), the mvb coal BW (c) and (d) and the lvb coal JB (e) and (f). v-d and i-d mean vitrinite- and inertinite-derived,
respectively. Images taken with incident polarized light and 1 lambda retarder plate. Scale bar: 25 microns.
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carbonaceous material during resolidiﬁcation (Feng and Bhatia,
2003), but strongly affected themesopore (SBET) surface area (Alvarez
and Borrego, 2007). This was so for high volatile bituminous coals
generating disordered isotropic material typically resulting in large
micropore surface areas and for low volatile bituminous coals passing
through a plastic stage and generating chars with low microporosity.
The micropore surface area (SCO2) for each series of coal chars was
similar for the three coal chars (around 150 m2 g−1). The SCO2 value
for JB char (150 m2 g−1) is higher than expected for a low volatile
bituminous coal rank (Alonso et al., 2001; Borrego and Alvarez, 2007).
The described behavior regarding re-organization of the carbonaceous
material during re-solidiﬁcation would only affect the vitrinite,
whereas around 30% of the coal would have lower plasticity resulting
in less annihilation of microporous surface area. The high inertinite
content of coal BW would also explain the small difference in SCO2 of
the two series of chars (SCO2 for BW series was 161 m2 g−1), because
inertinite-derived chars have lower SCO2 than vitrinite-derived chars
for high volatile bituminous-medium volatile bituminous coals, butFig. 3. Appearance of the petroleum coal chars (PC) generated in the drop tube reactor with
incident polarized light and 1 lambda retarder plate. Scale bar: 25 microns.higher SCO2 than low volatile bituminous vitrinite-derived chars
(Alonso et al., 2001). In the case of chars GU no satisfactory
explanation could be found for such a low SCO2 (SCO2 for GU series
was 158 m2 g−1) which is around half of what it could be expected for
high volatile bituminous chars (Alonso et al., 2001; Borrego and
Alvarez, 2007). A tentative explanation could be found in the low ash
fusion temperatures of this coal (Bagatini et al., 2009), which may
have caused blockage of porosity and a decrease in SCO2. The PC char
had a very low SCO2 (21 m2 g−1), which is consistent with the highly
ordered carbonaceous structure of petroleum coke.
The BET surface area is able to account for mesoporosity and not
only narrow micropores. The evolution of SBET for the three series of
chars is shown in Fig. 4 referred to burnout. The combustion of
particles in the size interval used in this study (36–75microns) at high
temperatures can be considered to operate in an external to internal
diffusion controlled regime (regime III–II) in which combustion
proceeds through widening of micropores (Alvarez and Borrego,
2007; Gale et al., 1995). Although both the SBET and SCO2 of the three
chars obtained under low oxygen concentration were rather similar,low oxygen concentration showing massive and porous structure. Images taken with
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reﬁred chars.
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rank of the coal, indicating important differences in the structure of
the chars. The chars with a more disordered structure (essentially
isotropic chars) underwent the largest increase in SBET, whereas the
chars from the highest rank coal, in which predominant porosity is
expected to be slit-shaped associated to the ordered anisotropic
domains experienced a lower increase in SBET. In comparison with
combustion in 1 step, in which oxygen is present in the devolatilizing
atmosphere, the combustion in 2 steps, after reﬁring, resulted for the
three chars in lower increments in SBET (Fig. 4). In the cases in which
pairs of O2/N2 and O2/CO2 chars were available the SBET values were
close to each other.
3.5. Char reactivity
The apparent reactivity of the 1 step chars to CO2 measured at
1000 °C in a thermobalance was higher, the lower the rank of the
parent coal, except for the 2.5% O2 char of coal GU. Apparent
reactivities were the lowest for the PC, which had the lowest volatile
matter content of the studied fuels (Fig. 5a). Similar apparent
reactivities were obtained for the highly combusted and poorly
combusted chars except in the case of 2.5% O2 GU char, which had an
unexpectedly lower reactivity. A similar result was found for the
apparent reactivity of GU chars to air (Borrego et al., 2008). Once the
CO2 reactivities were corrected for surface area the intrinsic reactivity
of the material became apparent (Fig. 5b). In this case the intrinsic
reactivities of the highly combusted chars were lower than those of
the devolatilized chars, an expected result considering the deactiva-
tion of residual material during combustion (Hurt and Gibbins, 1995).
The differences between the intrinsic reactivities of the poorly
combusted chars were larger than for the 10% O2 chars. The reactivity
of the 10% oxygen chars compared to the 2.5% chars did not follow a
consistent trend. As seen in Fig. 5b the intrinsic reactivity of the poorly0
1
2
3
4
5
01020304050
VM content (daf %) 
R
50
%
-
CO
2 
x 
10
4  
(s-
1 )
a b
Fig. 5. Reactivity to CO2 measured at 1000 °C of the chars as a function of the volatile matter c
(SBET). Void symbols=chars obtained under 2.5%O2 in N2 and solid symbols=chars obtaincombusted GU char was very low. No satisfactory explanation for this
behavior based on the char structure or chemical composition of the
parent coal can be advanced at this stage.
Fig. 6 shows the evolution of reactivity to CO2 as a function of
burnout for the three coal chars. The burnout determination of PC had
very low reliability due to the low ash content of petroleum coke and
it was not calculated. For the three coal chars the increase in burnout
resulted in an increase in apparent reactivity to CO2. This increase has
to be essentially due to the increase in SBET ( Fig. 4), because in GU the
intrinsic reactivity was similar during the course of combustion and in
BW the intrinsic reactivity decreased with burnout as shown in the
graphs of Fig. 6 (bottom). The dispersion of values was very large in
the case of JB in which low reactivities are combined with low surface
areas. The drop in intrinsic reactivity of extensively burned chars is
essentially due to the consumption of the most reactive material in
previous steps and to the deactivation occurring in the combustors
(Hurt and Gibbins, 1995).
Fig. 7 shows the apparent reactivity of the oxy-char versus the
apparent reactivity of the equivalent char obtained under similar
oxygen concentration. This is shown for the apparent reactivities to
CO2 measured at 1000 °C (Fig. 7a) and for the apparent reactivity to
air measured at 550 °C (Borrego et al., 2008; Fig. 7b). In the case of
both reacting gases, the apparent reactivities of the 1 step oxy-
combustion and combustion chars were very similar. In the case of the
reﬁred chars only the oxy-char from the hvb coal (GU) deviated
signiﬁcantly towards higher apparent reactivities compared with the
reactivity of the O2/N2 equivalent char. This deviation occurred for
both the reactivity measured at low temperature in air and at high
temperature in CO2. It must be mentioned that these results
corresponded to extensively burned chars (over 98%) and therefore
any determination of reactivity of the organic matter might be
subjected to higher analytical errors. Indeed, no determination of SBET
could be performed on these samples, which could have assisted in0
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all the samples produced in oxy-combustion conditions indicate, at
least, that chars formed under conventional and oxy-fuel conditions at
the same oxygen content could not have signiﬁcant differences when
reacted with CO2 in the blast furnace stack.
Fig. 8 shows burnout versus both the apparent reactivity measured
in air at low temperature and the apparent reactivity measured at
1000 °C in CO2. For the three coal chars a clear trend was observed forBW RCO2
BW Rair
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Fig. 8. Evolution of apparent reactivity to CO2 at high temperature andthe low temperature reactivity to slightly decrease during the course of
burnout and the high temperature reactivity to signiﬁcantly increase
with burnout. At the low temperature, the kinetic control of the reaction
is ensured and the reacting gas can reach the narrowest porosity (SCO2),
which is not expected to signiﬁcantly change during the course of
burnout (Borrego and Alvarez, 2007). On the contrary, the internal
diffusion may play a signiﬁcant role in the reactivity at high tem-
peratures. High temperature reactivity increased for the three coal chars60 80 100
out (%)
0 20 40 60 80 100
Burnout (%)
JB RCO2
JB Rair
apparent reactivity to air at low temperature with char burnout.
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coincident with the increase in SBET observed with burnout Fig. 4). The
increase in SBET which reﬂects an increase in wide micro- and
mesoporosity would facilitate the diffusion of the gas to the reacting
surface then increasing the reactivity. This phenomenon which is
observed under the controlled conditions of the thermobalance is
expected to be even more important at the higher temperatures
occurring in the blast furnace. Under these conditions the higher SBET
achieved when particles are devolatilized in the presence of oxygen
would favor their combustion in the blast furnace.
The relatively narrow range of reactivities obtained for the various
coal chars at low and high temperatures and the positive evolution of
reactivity with burnout indicate that the char tested have similar
chances to be burn to completion in the blast furnace stack. Therefore
parameters such as volatile matter, ash and sulfur contents obtained
from proximate and ultimate analysis can be used to select the best
coals for PCI.
4. Conclusions
• The morphology and appearance of the chars generated under oxy-
fuel (O2/CO2) and conventional combustion (O2/N2) conditionswith
similar amount of oxygen were virtually indistinguishable through
the optical microscope. Vitrinite-rich particles generated ceno-
spheres with incipient anisotropic optical texture in the high
volatile bituminous coal, small anisotropic domains in the medium
volatile bituminous coal and well-developed anisotropic domains in
the low volatile bituminous coal. Inertinite behaved in a variety of
manners yielding massive and porous particles with isotropic and
anisotropic optical texture. The optical texture in inertinite-derived
material was mainly isotropic in the high volatile bituminous coal
and mostly anisotropic in the medium and low volatile bituminous
coals. The chars prepared by reﬁring and having a similar burnout
than those from single step combustion were also rather similar in
appearance.
• The apparent reactivity to CO2 measured at high temperatures
(1000 °C) tended to increase with burnout reﬂecting the operation
under a regime controlled by internal diffusion. This increase was
associated to an increase in surface area measured by N2 adsorption
and BETmodel (SBET). The apparent reactivity to air measured at low
temperature (550 °C) reﬂected a kinetically controlled regime in
which the reacting gas had time for diffusion throughout the
porosity reaching the narrowest porosity. The combustion pattern
would favor the combustibility of particles which devolatilized in
the presence of moderate oxygen concentration in the blast furnace.
These particles exhibited larger surface areas (SBET) than 2 step
chars of similar burnout (ﬁrst step=devolatilization; second
step=combustion), and would burn at faster rates under diffu-
sion-controlled conditions.
• The reactivity performance and the microscopic appearance of the
chars obtained under typical combustion and oxy-combustion
atmospheres, simulating recycled CO2 injection in the blast furnace
tuyeres, was very similar. This would indicate that chars formed
under conventional and oxy-fuel conditions at the same oxygen
content would not differ signiﬁcantly when reacted in the blast
furnace stack.
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